An improved heat transfer correlation for developing post-dryout region in vertical tubes  by Nguyen, Ngoc Hung & Moon, Sang-Ki
ww.sciencedirect.com
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 0 7e4 1 5Available online at wScienceDirect
journal homepage: ht tp: / /www.journals .e lsevier .com/nuclear-
engineer ing-and-technology/Invited Article
AN IMPROVED HEAT TRANSFER CORRELATION FOR
DEVELOPING POST-DRYOUT REGION IN VERTICAL TUBESNGOC HUNG NGUYEN a,b and SANG-KI MOON b,*
a Advanced Nuclear System Engineering, Korea University of Science and Technology, Gajeongro 217, Yuseong-gu, Daejeon 305-350, Republic
of Korea
b Thermal-Hydraulics Safety Research Division, Korea Atomic Energy Research Institute, Daedeok-daero 989-111, Yuseong-gu, Daejeon 305-
353, Republic of Koreaa r t i c l e i n f o
Article history:
Received 25 February 2015
Received in revised form
20 April 2015
Accepted 20 April 2015
Available online 29 April 2015
Keywords:
Critical heat flux
Developing region
Entrance length effect
Look-up tables
Post-dryout* Corresponding author.
E-mail address: skmoon@kaeri.re.kr (S.-K
This is an Open Access article distribute
creativecommons.org/licenses/by-nc/3.0) wh
dium, provided the original work is properly
http://dx.doi.org/10.1016/j.net.2015.04.004
1738-5733/Copyright © 2015, Published by Ela b s t r a c t
A developing post-dryout region is characterized by significant heat transfer enhance-
ments compared with the fully developed post-dryout region. The heat transfer en-
hancements are mainly due to upstream disturbance and entrained droplets in the region
immediately downstream of the critical heat flux location. In this paper, an improved heat
transfer correlation is developed for the developing post-dryout regions in vertical tubes
over a wide range of flow conditions. The correlation represents a correction factor for the
fully developed film-boiling look-up table to be applied to the developing post-dryout re-
gion. The new correlation significantly improves the heat transfer prediction in the
developing post-dryout regions and provides very good agreement with the experimental
data.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
A post-dryout heat transfer region can be encountered once
the local heat flux of a heated surface exceeds the critical heat
flux (CHF). A steep increase of surface temperature in the post-
dryout regions may lead to physical damage of the heated
surface due to overheating by the poor heat transfer coeffi-
cient. Because the phenomenon is of importance under
postulated accidents and transients of nuclear reactors, a. Moon).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behalarge number of prediction methods for post-dryout heat
transfer coefficients have been proposed over the past years.
Excellent reviews of post-dryout heat transfer can be found in
textbooks such as that of Hewitt and Delhaye [1] and in arti-
cles by Andreani and Yadigaroglu [2] and Chen [3]. However,
most of the prediction methods for post-dryout heat transfer
are either empirical or semiempirical, which are normally
applicable to a limited range of flow conditions. Remarkable
prediction errors and incorrect asymptotic trends should beCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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to conditions far beyond their database.
To overcome these deficiencies, Groeneveld et al. [4] pro-
posed a fully developed film-boiling look-up table with great
accuracy for a wide range of flow conditions. Nevertheless,
post-dryout heat transfer is generally undeveloped in the re-
gion just after the CHF location due to the considerable effects
of upstream history. Fig. 1 shows typical results of the wall
temperature and heat transfer coefficient obtained by Becker
et al. [5]. After the CHF occurrence, two distinct regions of the
post-dryout heat transfer are identified, namely, developing
and fully developed regions. The developing region is
assumed to be the region between the CHF location and the
point at which the surface temperature reaches a maximum
value.
The developing post-dryout region is characterized by heat
transfer enhancements due to residual disturbance caused by
the CHF occurrence and entrained droplets from sputtering
liquid [6]. The upstream CHF occurrence enhances the wall to
vapor convective heat transfer by increasing the vapor tur-
bulence while the entrained droplets improve the liquidewall
interaction. The heat transfer in the fully developed region is
not affected by the upstream CHF history and depends solely
on the local flow conditions [7]. The solid symbols in Fig. 1
represent the wall temperature and heat transfer co-
efficients predicted by the fully developed film-boiling look-up
table developed by Groeneveld et al. [4]. The look-up table
tends to underpredict the heat transfer coefficients, and hence
overpredict the wall temperatures in the developing post-
dryout region. This is because the look-up table was devel-
oped based on experimental data that were obtained in the
fully developed region.
Isachenko et al. [8] developed an empirical relation for the
heat transfer enhancements in the developing post-dryout
regions up to a distance of 15 hydraulic diameters from the
CHF location. The Nusselt number in the developing region
was calculated by multiplying the Nusselt number in the fully
developed region by a power function of the ratio of hydraulic
diameter to the distance from the CHF location.0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
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Fig. 1 e Typical surface temperature and heat transfer
coefficient profile in the post-dryout region (run no.: R217,
Becker et al. [5]). CHF, critical heat flux; LUT, look-up table.In conjunction with the film-boiling look-up table [4], Guo
and Leung [6] developed a generalized wall-temperature-
based correlation that employs the wall temperature as an
independent parameter to predict the post-dryout heat
transfer coefficient in the developing region. They proposed a
modification factor for the developing film-boiling effects
using extensive experimental data of film-boiling heat trans-
fer in tubes. The modification factor was represented by the
exponential decay function of the local wall superheat ratio.
However, constants of the correlation were not presented in
their paper because of their proprietary information.
With regard to the basic assumptions and range of data
assessments, the conventional wall-temperature-based cor-
relation by Guo and Leung [6] has some disadvantages. First,
the operating pressure was restricted below 17 MPa to mini-
mize the data uncertainty. Second, the correlation cannot
predict the wall temperature of the points at which local
thermodynamic quality exceeds unity. The modification fac-
tor needs a local CHF value at a given post-dryout location
downstream of the CHF occurrence location. However, the
local CHF value becomes zero when the corresponding ther-
modynamic quality exceeds unity, resulting in infeasible
calculation of the modification factor. Thus, the modification
factor is applicable only to a limited range of post-dryout re-
gions. Finally, the correlation by Guo and Leung [6] adjusted
systematic biases introduced from the incorrect predictions of
the CHF and the post-dryout heat transfer coefficients. How-
ever, from a practical point of view, the systematic biases
cannot be known a priori without performing experiments.
Pelletier et al. [9] improved Guo and Leung's [6] correlation
by adding Reynolds number of vapor to account for the effect
of mass flux and thermodynamic quality on the developing
post-dryout heat transfer. However, the aforementioned
problems remained.
Therefore, the objective of this study is to present an
improved heat transfer correlation for post-dryout heat
transfer in vertical tubes. The improved correlation provides a
good wall temperature prediction and eliminates the disad-
vantages of conventional correlations. The correlation pre-
sented was developed based on experimental data by Becker
et al. [5] and validated using additional experimental data by
Bennett et al. [10].2. Derivation of the improved correlation
The improved heat transfer correlation was developed based
on an analogy between the upstream history effect and the
entrance length effect. The heat transfer in the developing
region may be regarded as a transient, entrance-region prob-
lem with axial distance from the CHF location [3]. In fluid
mechanics, the entrance length starts from the inlet of the
tube. The flow structure is chaotic and unsteady leading to the
enhancement of forced convection heat transfer in this
entrance region. The further downstream from the entrance,
themore stable the flow pattern is. In cases of post-dryout, the
entrance point can be assumed to be at the CHF location
where the heat transfer and the corresponding flow pattern
suddenly change from pre-CHF conditions to post-CHF con-
ditions. Therefore, the heat transfer in the post-dryout region
0.8
1.0
Developing region, 2,217 points for only K = 0–1
Becker et al. [5] data
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 0 7e4 1 5 409possibly depends on the initial conditions at the CHF location
and the boundary conditions at the locations of interest.
According to the vapor generationmechanisms, Webb and
Chen [11] categorized the downstream region from the CHF
location into near-field and far-field regions. In the developing
region, that is, the near-field region, the upstream CHF tur-
bulence and evaporation of entrained droplets from sputter-
ing liquid greatly enhance the heat transfer. The liquidewall
interactions in the developing region are relatively important
compared with the developed region, that is, the far-field re-
gion, where the convective evaporation of liquid droplets in
the vapor plays a major role. In the developing region, the
post-dryout heat transfer depends on the initial conditions at
the CHF location and the local boundary conditions. Mean-
while, the fully developed post-dryout heat transfer is only a
function of local flow conditions that are independent of the
upstream history effect.
The heat transfer in the post-dryout region at any location
of interest, hPDO, can be expressed as the combination of heat
transfers in the near-field and far-field regions as follows:
hPDO ¼ KhNB;0 þ ð1 KÞhFD (1)
where the dimensionless correction factor, K, takes into ac-
count the upstream history effect in the developing region.
The nucleate boiling heat transfer coefficient at the CHF
location, hNB,0, represents the near-field heat transfer
enhancement effect; hFD represents the fully developed heat
transfer coefficient in the far-field region. The correction fac-
tor, K, varies from 1 at the CHF location to 0 when the fully
developed region is reached.
A large amount of experimental data from Becker et al. [5]
was used to obtain the dimensionless correction factor, K.
Becker et al. [5] performed a series of post-dryout experiments
under steady-state conditions using water flows inside verti-
cal tubes. The axial wall temperature profiles were measured
using thermocouples covering both pre-CHF and post-dryout
regions. The experimental conditions are summarized in
Table 1.
The measured post-dryout heat transfer coefficient at any
location can be calculated as follows:
hPDO;m ¼ q
00
ðTw;m  TsatÞ (2)
where q00 is the local heat flux, Tw,m is the measured wall
temperature, and Tsat is the saturation temperature. Based onTable 1 e Experimental conditions of post-dryout heat
transfer by Becker et al. [5].
Parameters Range of data
No. of runs () 504
L (m) 7.0, 7.1
D (mm) 10.0, 14.9, 24.7
DTsub (C) 5e10
P (MPa) 3.0e20.0
G (kg/m2s) 496e3,112
q00 (kW/m2) 147e1,295
xe () 0.03e1.66
Total no. of data 6,956Eq. (1), the measured correction factor, Km, is calculated as
follows:
Km ¼

hPDO;m  hFD
hNB;0  hFD

(3)
where the nucleate boiling heat transfer coefficient at the CHF
location, hNB,0, is calculated using the Chen correlation [12].
The fully developed heat transfer coefficient hFD is determined
from the film-boiling look-up table [4] by applying the local
flow conditions at the corresponding location of interest.
Empirical correction factors regarding the heated length and
diameter in Groeneveld et al. [13] were used for the application
of the CHF look-up table [14] and film-boiling look-up table [4].
However, the predictions of the CHF and heat transfer co-
efficients were not arbitrarily adjusted to eliminate any sys-
tematic biases as in the conventional correlations [6,9].
In fluidmechanics, the Graetz number is useful to take into
account the entrance length effects in the developing flow.
Similarly, the post-dryout heat transfer can be considered
fully developed as the Graetz number becomes very small.
The Graetz number of vapor in the post-dryout heat transfer
region can be defined as follows:
Gzv ¼ DRevPrv
Dzc
(4)
where Rev is the Reynolds number of vapor, Prv is the Prandtl
number of vapor, D is the inner diameter of the test section,
and Dzc is the distance from the CHF location. Because a
thermodynamic nonequilibriumhas a significant effect on the
convective heat transfer in the post-dryout region, the su-
perheated vapor temperature and the actual quality were
calculated using the CSO model [15]. Thus, all physical prop-
erties of vapor are calculated using bulk vapor temperature,
and the Reynolds number of vapor is based on the actual
quality.
Fig. 2 shows the relationship between the measured
correction factor in the developing region and the inverse
Graetz number of vapor. The total number of data points used
in Fig. 2 is smaller than that in Table 2. This is because only
experimental data in the developing region that have the0 500 1000 1500 2000 2500 3000
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Fig. 2 e Effect of Graetz number on the correction factor in
the developing region.
Table 2 e Prediction results of the wall temperature for Becker et al.'s [5] data.
Correlation/error Given CHF (total 6,956 points) Unknown CHF (total 5,720 points)
Average (%) RMS (%) Success points Average (%) RMS (%) Success points
Isachenko et al. [8] 4.8 12.5 6,956 3.4 14.3 5,720
Pelletier et al. [9] 1.6 17.7 6,600 6.3 18.1 5,484
This study 1.0 7.7 6,956 0.8 10.4% 5,720
Average error ¼ 1N
PN
i¼1εi, rootmean square ðRMSÞ error ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
PN
i¼1ε
2
i
q
, where N is the number of data and ε ¼ predicted valuemeasured valuemeasured value .
CHF, critical heat flux.
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represent the effect of the Graetz number. As the inverse
Graetz number of vapor increases, the correction factor
asymptotically approaches 0, which means that the upstream
history has no influence on the post-dryout heat transfer.
However, experimental data still show a large scattering of the
measured correction factors in the small values of the inverse
Graetz number of vapor. This means that other parameters
should be considered in the region of the small values of the
inverse Graetz number of vapor.
A wall superheat ratio is usually adopted to represent the
correction factors in the developing regions [6,9]. In this study,
the correction factorwas also assumed to be dependent on the
wall superheat ratio, q, that is expressed as follows:
q ¼ Tw;m  Tc;0
Tc;0  Tsat (5)
This definition of the wall superheat ratio is slightly
different from previous works [6,9]. The wall temperature at
the first CHF location (i.e., the starting location of the entrance
region) is used instead of the local CHF temperature. It was
assumed that the coolant temperature at the CHF location is
the same as the saturation temperature, and the corre-
sponding heat transfer coefficient is close to that of the
nucleate boiling region. Then, thewall temperature at the CHF
location is calculated using the CHF value, q
00
c , as follows:
Tc;0 ¼ q
00
c
hNB;0
þ Tsat (6)
As mentioned earlier, the nucleated boiling heat transfer
coefficient is calculated by the Chen correlation [12]. The
preliminary calculation showed that the calculated correction
factor decreases rapidly at the small wall superheat ratio and
asymptotically approaches 0. The thermodynamic quality
ratio (xe/xc,0) also has noticeable effects on the post-dryout
heat transfer. Hence, the correction factor, K, can be
expressed as a function of the aforementioned three param-
eters as follows:
K ¼ fðq; Gzv; xe

xc;0Þ (7)
Derivation of the improved correlation coveredmost of the
experimental tests by Becker et al. [5] except for the runs with
pressure >20 MPa that are out of range for the film-boiling
look-up table. The optimized correlation for K from the
experimental data has the formof a Gaussian density function
expressed as follows:
K ¼ 11þ 0:271 J2 (8)
whereJ ¼ q0:485107Gzv0:165ðxexc;0Þ5 (9)
Fig. 3 shows the plots of the correction factor versus the
combination of parameters under different test conditions.
The optimized correlation, Eq. (8), follows the trend of
experimental data well and also represents the effects of
pressure, mass flux, and heat flux on the correction factor
well. Fig. 4 compares the correction factor with the whole
experimental data in the developing region [5]. The experi-
mental data are in relatively good agreement with the opti-
mized correction factor, although some scatters are observed
at small values of j.3. Wall temperature prediction results
The improved heat transfer correlation was assessed using
the experimental data measured by Becker et al. [5]. The wall
temperature predictions in the post-dryout region signifi-
cantly depend on the accuracy of the CHF location prediction.
Because it is generally difficult to predict the accurate CHF
location, the prediction accuracy of the improved heat trans-
fer correlation was evaluated using two different approaches:
with the given CHF location measured in the experiment and
with an unknown CHF location.3.1. Wall temperature prediction results with given CHF
The wall-temperature-based post-dryout heat transfer corre-
lation uses the wall temperature as an independent param-
eter. The wall temperature should be assumed in order to
calculate the heat transfer coefficients from the wall-
temperature-based post-dryout correlation. Thus, an itera-
tive procedure is then required to calculate the post-dryout
heat transfer coefficients until the convergence of the
assumed wall temperature [4,6,9]. The iterative procedures
are used to evaluate the post-dryout heat transfer coefficient
using only the film-boiling look-up table (K ¼ 0), and using the
film-boiling look-up table with consideration of the correction
factor K in Eq. (8).
Fig. 5 shows the wall temperature predictions for the
developing region only. Here, the CHF locations measured in
the experiment are used to determine the starting location of
the post-dryout heat transfer. The wall temperatures pre-
dicted using only the film-boiling look-up table [4] (K ¼ 0) and
using the correction factor K with the film-boiling look-up
table are presented in Figs. 5A and 5B, respectively. Appar-
ently, the correction factor K significantly reduces the over-
prediction of the film-boiling look-up table for the wall
temperature in the developing post-dryout heat transfer
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Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 0 7e4 1 5 411region. The wall temperature predictions in the whole post-
dryout region including both developing and fully developed
regions are shown in Fig. 6 with a small average error of 1.0%
and root-mean-square (RMS) error of 7.7%.
The clear behavior of the correction factor K to adjust the
film-boiling look-up table is illustrated in Fig. 7. In Fig. 7A, the
post-dryout wall temperature predictions using only the look-up table show significant overpredictions in the developing
region. In contrast, by associating with the correction factor K,
the predicted wall temperature profiles are in good agreement
with the measured ones as shown in Fig. 7B.
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CHF
In cases of unknown CHF locations, the CHF location should
be determined in advance of post-dryout heat transfer pre-
diction. The CHF locations are determined using an iterative(A) 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
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Fig. 7 eWall temperature predictions in typical test runs
using (A) look-up table, (B) present correlation.method. First, the thermodynamic quality at CHF, xc,0, was
assumed so that the CHF location, zc, can be calculated using
the heat balance equation as follows:
zcq
00 ¼ GD
4

hfgxc;0 þ Dhsub

(10)
where q00 is the heat flux supplied to the test section, hfg is the
latent heat of vaporization, and Dhsub is inlet subcooling. The
thermodynamic quality at CHF and the CHF location can be
simultaneouslydeterminedusing an iterationbasedonEq. (10)
until the predictedCHF becomes the same as the supplied heat
flux. The CHF is calculated using the CHF look-up table [14]
along with the CHF correction factors for diameter and heat-
ed length [13]. This method predicts the CHF location with an
average error of 1.9% and an RMS error of 13.1%. Meanwhile,
the thermodynamic quality at the CHF location was predicted
with an average error of 3.8% and an RMS error of 9.5%. Here,
test runs with incorrect predictions for the CHF location that
are greater than the total heated length were excluded in the
wall temperature predictions of the post-dryout region.
Fig. 8 shows the prediction results for the wall temperature
in cases of unknown CHF. Fig. 8A shows the prediction results
of the wall temperature with unknown CHF location for the(A)
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and (B) whole post-dryout data by Becker et al. [5]. RMS,
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Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 0 7e4 1 5 413same conditions used in Fig. 7. The prediction error of the wall
temperature becomes large as the prediction error of the CHF
location increases. The overall prediction with unknown CHF
conditions is exhibited in Fig. 8B. The total number of data
points is reduced due to the exclusion of experimental con-
ditions where the post-dryout region observed in the experi-
ments is predicted as a pre-CHF region by the CHF look-up
table. Table 2 shows the prediction results of the wall tem-
perature in the post-dryout region measured by Becker et al.
[5]. For both given CHF and unknown CHF cases, the present
heat transfer correlation shows significant improvements
compared with previous ones.3.3. Validation of the heat transfer correlation
The improved correlation was verified using additional
experimental datameasured by Bennett et al. [10]. Because the
CHF locations were not reported in Bennett et al. [10], the CHF
locations were approximately judged from the axial distribu-
tions of thewall temperature for each single test. The CHFwas
judged to have taken place at the elevation between two
thermocouples in which the wall temperatures sharply(A)
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Fig. 9 eWall temperature predictions with the known
critical heat flux (CHF) conditions for the post-dryout data
by Bennett et al. [10] using (A) look-up table and (B) present
correlation. RMS, root-mean-square.increased. These CHF locations were considered as known
CHF locations for the wall temperature prediction.
The prediction results with the known CHF locations using
only the film-boiling look-up table in Fig. 9A also show the
overprediction of wall temperature in the developing region.
The correction factor K is able to reduce the overprediction of
the look-up table and achieve a good agreement with an
average error of 0.7% and an RMS error of 11.9% as shown in
Fig. 9B. The wall temperature predictions in some typical test
runs are shown in Fig. 10. The film-boiling look-up table over-
predicts the wall temperature in the developing region. The
present predictions in both cases of known and unknown CHF
locations show reliable agreementwith the experimental data.4. Conclusion
A developing post-dryout region is characterized by signifi-
cant heat transfer enhancements compared with the fully
developed post-dryout region. The heat transfer enhance-
ments are mainly due to upstream disturbance and entrained
droplets in the region immediately downstream of the CHF.
The conventional prediction methods, such as a film-boiling
look-up table, generally underpredict the heat transfer co-
efficients in the developing regions because the look-up table(A)
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Fig. 10 eWall temperature predictions with the known and
unknown critical heat flux (CHF) conditions for typical test
runs of Bennett et al. [10]. LUT, look-up table.
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developed region.
Thus, an improved heat transfer correlationwas developed
for the post-dryout regions in vertical tubes over a wide range
of flow conditions. An analogy was assumed between the up-
stream history effects from the CHF location and the entrance
length effect. The disadvantages of conventional correlations
were removed in the present correlation. The correlation pro-
vides a correction factor for the fully developed film-boiling
look-up table developed by Groeneveld et al. [4].The
improved correlation was optimized from a large amount of
experimental data produced by Becker et al. [5]. The improved
correlation showed significant improvements of the heat
transfer predictions in the developing region as well as in the
fully developed region. The average and RMS prediction errors
were 1.0% and 7.7%, respectively, in cases of given
CHF locations for the experimental data measured by Becker
et al. [5]. The present correlation showed a similar
prediction capability for additional experimental data by
Bennett et al. [10].Conflicts of interest
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Cpv heat capacity of vapor (kJ/kgC)
D inner diameter of test section (m)
hPDO heat transfer coefficient in post-dryout region (kW/
m2C)
hFD heat transfer coefficient in fully-developed region
(kW/m2C)
hNB,0 nucleate boiling heat transfer coefficient at CHF
location(kW/m2C)
hfg latent heat of vaporization (kJ/kg)
G mass flux (kg/m2s)
Gzv vapor Graetz number ()
K dimensionless correction factor ()
kv thermal conductivity of vapor (kW/mC)
L heated length (m)
P pressure (MPa)
Rev Reynolds number of vapor, GxaD/mv ()
Prv Prandtl number of vapor, Cpvmv/kv ()
q00 heat flux (kW/m2)
q
00
c critical heat flux (kW/m
2)
Tc,0 wall temperature at CHF location (C)
Tsat saturation temperature (C)
Tw wall temperature (C)
xa actual quality ()xe thermodynamic quality ()
xc,0 thermodynamic quality at CHF location ()
zc CHF location from the beginning of the heated length
(m);Greek letters
mv vapor viscosity (N-s/m
2)
q wall superheat ratio ()
J parameter defined by Eq. (9) ()
Dhsub inlet subcooling in terms of enthalpy (kJ/kg)
DTsub inlet subcooling in terms of temperature (C)
Dzc distance from the CHF location (m);Subscripts
0 value at the first CHF location
c CHF
FD fully developed
m measured
max maximum
PDO post-dryout
sub subcooling
v vapor or steamr e f e r e n c e s
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